Synapse loss occurs normally during development and pathologically during neurodegenerative disease. Long-term depression, a proposed physiological correlate of synapse elimination, requires caspase-3 and the mitochondrial pathway of apoptosis. Here, we show that caspase-3 activity is essential-and can act locally within neurons-for regulation of spine density and dendrite morphology. By photostimulation of Mito-KillerRed, we induced caspase-3 activity in defined dendritic regions of cultured neurons. Within the photostimulated region, local elimination of dendritic spines and dendrite retraction occurred in a caspase-3-dependent manner without inducing cell death. However, pharmacological inhibition of inhibitor of apoptosis proteins or proteasome function led to neuronal death, suggesting that caspase activation is spatially restricted by these "molecular brakes" on apoptosis. Caspase-3 knock-out mice have increased spine density and altered miniature EPSCs, confirming a physiological involvement of caspase-3 in the regulation of spines in vivo.
Introduction
Activity-dependent remodeling of synapses is vital for multiple brain functions including learning and memory. Although pruning of excess synapses is a critical process for normal development of the nervous system, synapse loss has also emerged as a central pathology in neurodegenerative diseases (Selkoe, 2002; Stevens et al., 2007) . However, the mechanisms leading to spine elimination remain poorly understood.
Apoptosis-programmed cell death removes unwanted cells during development (Kerr et al., 1972) and eliminates damaged or unhealthy cells in aging and disease (Fuchs and Steller, 2011) . Apoptosis is orchestrated by a family of cysteine-aspartate proteases termed caspases . Activation of caspase-3, an executioner caspase that lies downstream of both extrinsic and intrinsic (mitochondrial) pathways of apoptosis, plays a central role in programmed cell death of many cell types, including neurons (Fuchs and Steller, 2011) . Recent studies, however, have established that the molecular mechanisms of apoptosis, including caspases, are also involved in nonapoptotic functions (Hyman and Yuan, 2012) .
Components of the mitochondrial pathway of apoptosis, including BAX/BAK and caspase-3, are necessary for NMDAreceptor-dependent long-term depression (LTD) and AMPA receptor internalization Jiao and Li, 2011) . LTD is associated with spine shrinkage and elimination (Nägerl et al., 2004; Zhou et al., 2004) and likely represents a physiological correlate of synapse elimination. Moreover, acute NMDA receptor activation is correlated with transient and modest activation of caspase-3 in dendrites Jiao and Li, 2011) . Such findings suggest that caspase-3 can have a localized effect on the modification of synapses and spines in the absence of cell death. This concept also implies the existence of mechanisms that limit the activity of caspase-3 and prevent complete destruction of the cell.
Until now, there has been no direct demonstration that local activation of caspase-3 can alter synapse function and morphology without causing apoptosis. Previous studies have used genetic or pharmacologic manipulations to investigate the functions of caspases in neurons and synapses but, by their nature, such approaches cannot address local actions of caspases within specific neuronal compartments or longitudinally follow the changes in the same neuron after caspase activation.
Using an optogenetic approach (Mito-KillerRed photostimulation), we demonstrate here that caspase-3 can be activated within the neuronal cell body to induce neuronal death or locally within distal dendritic branches to "sculpt" spines and dendrites in the absence of cell death. Local activation of the mitochondrial apoptosis pathway in dendrites is sufficient to cause elimination of spines and dendrite branches that are localized in the vicinity of Mito-KillerRed photostimulation in a manner dependent on caspase-3 activation. We present evidence that the restriction of caspase-3 activation to the region of photostimulation-and hence protection against cell death-is mediated by the action of proteasomes and the inhibitor of apoptosis proteins (IAPs). Caspase-3-deficient neurons in culture fail to show spine shrinkage in response to NMDA stimulation (chemical LTD). Finally, we show that caspase-3 knock-out (KO) mice have increased spine density and synaptic strength, which is consistent with an essential role of caspase-3 in spine elimination in vivo.
Materials and Methods
Animals and neuron culture. Rat hippocampal neuronal cultures were prepared from embryonic day 18 (E18) embryos of Sprague Dawley rats. Mouse hippocampal neuronal cultures were prepared from E17 embryos from caspase-3 KO and wild-type littermate mice in a C57BL/6 background (Kuida et al., 1996; Leonard et al., 2002) obtained under license from R. Flavell (Yale University). The experiments with caspase-3 KO neurons and related controls were performed in mouse hippocampal cultures and all other experiments were performed using rat hippocampal cultures. We observed no survival difference in the results of MitoKillerRed experiments conducted in mouse or rat hippocampal cultures. Neuronal morphology and spines in the cortex and hippocampus were measured by imaging GFP-expressing neurons obtained from a cross between the GFP-M line (Feng et al., 2000) and caspase-3 KO mice (of either sex) with the observer blinded to the caspase-3 genotype. This cross allowed us to visualize and quantify neuronal and spine morphology of the sparsely labeled cortical (L5, pyramidal neurons) and hippocampal (CA1, pyramidal neurons) neurons in tissue sections from wild-type and caspase-3-deficient adult mice. A minority of caspase-3 KO mice in the C57BL/6 background develop hydrocephalus; these were excluded because they do not survive to adulthood (data not shown; Kuida et al., 1996; Houde et al., 2004) .
Dissociated hippocampal cultures from rat and mice were prepared as described previously (Bingol et al., 2010) . Briefly, hippocampi of E18 rat or E17 mouse embryos were collected and digested with trypsin for 8 min or papain for 5 min, respectively. After washing with HBSS (rat) or neurobasal medium with B27 (mouse), 50 -75 ϫ 10 3 cells in 100 l of medium were plated in glass-bottomed dishes (P35G-0-14-C, MatTek) coated with 30 mg/ml poly-D-lysine and 2 mg/ml laminin for 2 d and washed with DPBS (catalog #14190-144; Invitrogen) 4 times before culturing. After a 3-4 h incubation to allow for the settling of cells in the dish, 2 ml of neurobasal medium with B27 was added.
Transfection. DNA plasmids were transfected using Lipofectamine 2000 or Lipofectamine LTX Reagent (Invitrogen). We used the commercially available Mito-KillerRed (catalog #FP964; Evrogen) and Mito-RFP constructs (catalog #FP147; Evrogen) for photostimulation experiments. Briefly, a final total of 2 l of Lipofectamine reagent and 2 g of total DNA in Figure 1 . Photostimulation of Mito-KillerRed in neuronal cell bodies results in cell death within hours. Cultured hippocampal neurons (9 -12 DIV) were cotransfected with GFP and Mito-KillerRed (A-G) or GFP and Mito-RFP as control (H-N ). Arrowheads in F mark some of the mitochondria labeled with Mito-KillerRed. Neuronal morphology (GFP) and Mito-KillerRed or Mito-RFP in mitochondria were monitored by time-lapse imaging at indicated times before and after photostimulation of cell bodies (region of photostimulation indicated by dashed circles). Photostimulation resulted in bleaching of Mito-KillerRed and Mito-RFP (G, N, dashed circles; only time-points "before" and 5 min after photostimulation are shown for Mito-KillerRed and Mito-RFP). F1 and M1 show high-magnification views of Mito-KillerRed-(F1) and Mito-RFP (M1)-labeled dendritic mitochondria. Mito-KillerRed-transfected neurons formed blebs on their neurites and soma, typical of apoptotic cells, and degenerated within 3-4.5 h (C, D, arrows), whereas neurons transfected with Mito-RFP survived Ͼ 7 h with no morphological change (H-L). Survival data are quantified in Figure 2O . 100 l of medium was used (per dish). Initially, Lipofectamine reagent and DNA were incubated in 25 L glutamine-free neurobasal media separately for 5 min. Afterward, they were mixed (brief vortex and spin down) and incubated at room temperature for 30 min. Before addition to cells, the mix was diluted with additional 50 l of medium containing 2ϫ glutamine. After washing twice the cells with 2 ml of glutamine(ϩ) media, 100 l of transfection solution was added to cells and incubated for 40 min at 37°C. The cells were washed 2 times with 2 ml of glutamine(ϩ) medium and the original conditioned media was replaced. Constructs were expressed for 1-3 d after transfection.
Time-lapse imaging. Neurons were placed in an HBS-based imaging buffer containing 1.5 mM MgCl 2 and 2 mM CaCl 2 ) and imaged using a Leica SP5 confocal microscopy system with an environmental chamber maintaining culture temperature at 37°C. Samples were scanned in live data mode using 63ϫ (numerical aperture [NA]) 1.4 or 40ϫ oil objective (NA 1.25) with the following parameters: 1024 ϫ 1024 pixels, bidirectional, 700 hertz, 1.7ϫ or 5ϫ zoom, sequential scanning (stack by stack). The neurons were imaged every 10 -60 min up to 15 h.
Mito-KillerRed photostimulation. Mito-KillerRed photostimulation (photobleaching) was performed using a short arc mercury lamp (HXP 120W/45C; Osram) on a Leica SP5 (DMI6000CS) inverted confocal microscope. For photostimulation of a wide field containing many cells, a 20ϫ oil objective (NA 0.70) was used; for photostimulation of single cell body or dendritic branches, either 63ϫ (NA 1.4) or 40ϫ oil objective (NA 1.25) with the smallest 2 apertures on the microscope was used. The local photostimulation experiments were performed on dendrites at similar distance from the soma center to the proximal edge of photostimulation (ϳ75-125 m) at the tip of either primary or secondary dendrites. We observed no difference in the results of local Mito-KillerRed photostimulation on primary versus secondary dendrites.
Selection of neurons for photostimulation and evaluation criteria for survival. The same acquisition parameters on the confocal microscope were used for imaging Mito-KillerRed or Mito-RFP. After acquiring the initial scans (before photostimulation), we obtained the max-projection views of the scanned samples ( Fig. 1 F, M ) and selected neurons with similar expression levels defined by Ͼ50% saturation of the soma pixels for Mito-KillerRed or Mito-RFP fluorescence.
To measure neuronal survival, we monitored morphology using cytoplasmic GFP fluorescence. The appearance of membrane blebs on neuronal soma (Fig. 1C ), which correlated with DNA fragmentation/ condensation as detected by Hoechst staining (data not shown), was taken as the time point of cell death.
CellEvent active capase-3 reporter assay. To monitor caspase-3 activity, we used a fluorescent reporter of caspase-3 activity called CellEvent (cat- Figure 2 . Neuronal degeneration after photostimulation of Mito-KillerRed depends on caspase-3 activation. Wild-type neurons transfected with Mito-KillerRed and GFP and treated with pan-caspase inhibitor (z-VAD-FMK, 100 M; A-G) or caspase-3 KO (Casp3 KO) neurons transfected with Mito-KillerRed and GFP (H-N ) were photostimulated over their cell bodies as in Figure 1 (dashed circles). Neuronal morphology and Mito-KillerRed were followed by time-lapse imaging at the indicated times (top). Graph in O shows the survival curve of neurons of the indicated genotype, transfection/treatment, and drug conditions over 7 h after photostimulation of Mito-KillerRed or Mito-RFP (including data from Fig. 1 ). The appearance of membrane blebs on the soma was taken as the point of cell death (Fig. 1C) . Wild-type neurons treated with z-VAD-FMK (A-E) and caspase-3 KO neurons (J-N ) were strongly protected against Mito-KillerRed-induced neuronal cell death. ***p Ͻ 0.001 for "wt/Mito-KR" compared with "wt/Mito-RFP" and for "wt/Mito-KR/ vehicle" compared with "wt/Mito-KR/VAD"; *p Ͻ 0.05 for "Casp3 KO/Mito-KR" compared with "wt/Mito-KR/z-VAD-FMK," calculated by log-rank comparison. n ϭ 15, 16, 11, 12, 10, 16, 15, 18 neurons (from at least 3 independent hippocampal cultures) for "Casp3 KO/Mito-KR/DEVD," "wt/Mito-KR/VAD," "wt/Mito-RFP," "Casp3 KO/Mito-RFP," "wt/Mito-KR ϩ XIAP," "Casp3 KO/Mito-KR," "wt/Mito-KR," and "wt/Mito-KR/vehicle" groups, respectively. KR, KillerRed; DEVD, z-DEVD-FMK inhibitor of caspase-3 and -7; VAD, z-VAD-FMK pan-caspase inhibitor. alog #C10423; Invitrogen; Huang et al., 2011; Miyata et al., 2011) . This reporter has an advantage over caspase-3 immunostaining because it allowed us monitoring of caspase-3 activation in the same neurons over time, before and after Mito-KillerRed/Mito-RFP photostimulation. Neurons transfected with either Mito-KillerRed or Mito-RFP were preincubated with 2 M CellEvent for 15 min. The CellEvent reporter signal, which has excitation and emission spectra similar to GFP, was measured before and at indicated times after photostimulation of Mito-KillerRed or Mito-RFP.
Fluorescence signal quantification. To quantify the fluorescence signal, we made the sum intensity projections of the confocal stacks for each sample using ImageJ (images/stacks/z-projection, sum slices). This projection adds the signal intensity values of all z-slices into one 32-bit projection. The intensity of the signal was then measured in the same size of region of interest in different samples (analyze/measure integrated density). Subsequently, the intensity measures from different experiments were added up and averaged.
Reactive oxygen species measurement. To follow reactive oxygen species (ROS) production over time, we used the ROS indicator CM-H2DCFDA (catalog #C6827; Invitrogen). Neurons were washed 2 times with prewarmed imaging buffer and incubated with 2 M CM-H2DCFDA (in imaging buffer) at 37°C for 30 min. After the incubation, the neurons were washed 3 times with warm imaging buffer and immediately used for photostimulation experiments.
Active caspase-3 and caspase-9 immunostaining and confocal imaging. Hippocampal neurons were fixed with 4% PFA ϩ 4% sucrose solution at room temperature for 10 min. After 4 washes with PBS, they were incubated at room temperature for 1 h in a "blocking solution" containing 2% fetal bovine serum (Invitrogen), 2% bovine serum albumin (Sigma-Aldrich), and 0.2% fish gelatin (Sigma-Aldrich) dissolved in PBS with 0.25% Triton X-100. Subsequently, cells were incubated 2-3 h with primary antibody for cleaved caspase-3 (catalog #9661; Cell Signaling Technology) or cleaved caspase-9 (catalog #9509; Cell Signaling Technology) diluted (1:250) in blocking solution. After washing with PBS 3 times, anti-rabbit Alexa Fluor 405 (catalog #A-31556; Invitrogen) for caspase-3 staining, Alexa Fluor 488 (catalog #A-11034; Invitrogen) and Alexa Fluor 647 (catalog #A-21245; Invitrogen) for caspase-9 staining secondary antibodies were applied in blocking solution for 1 h. Fluorescence imaging was performed using the Leica SP5 confocal system in sequential scanning mode. (We tested several anti-cleaved caspase-3 antibodies and found that the antibody from Cell Signaling Technology did not give any signal on caspase-3 KO neurons).
3D imaging of the entire brain. 3D imaging of entire unsectioned brains from wild-type and caspase-3 KO mice expressing GFP in a subset of neurons was performed as described previously (Ertürk et al., 2012a; Ertürk et al., 2012b) . To achieve complete optical clearing of the entire brain, we extended the tetrahydrofuran (THF, catalog #186562; Sigma) and benzyl alcohol (catalog #305197; Sigma) ϩ benzyl benzoate (catalog Figure 3 . Monitoring caspase-3 activity with CellEvent reporter after Mito-KillerRed photostimulation. Time-lapse imaging of caspase-3 activity using the CellEvent reporter (catalog #C10423; Invitrogen). CellEvent reporter is a nucleic-acid-binding dye conjugated to caspase-3 cleavage site (DEVD peptide). When caspase-3 is activated, the DEVD peptide is cleaved, freeing the dye to bind to DNA and produce a fluorescent signal in the nucleus. Wild-type or capase-3 KO neurons were transfected with Mito-KillerRed or Mito-RFP (DIV 9 -14); 2 M CellEvent was added into the imaging medium ϳ15 min before the experiments. A-R, Time-lapse imaging of CellEvent reporter signal before and after Mito-KillerRed photostimulation in the wild-type neurons (A-F, arrowheads), Mito-RFP photostimulation in wild-type neurons (G-L, arrowheads), or Mito-KillerRed photostimulation in caspase-3 KO neurons (M-R, arrowheads). Arrowheads indicate position of nucleus in neuronal cell. Insets show Mito-KillerRed or Mito-RFP channel before and after photostimulation of the cell body (dotted circles). S, Quantification of CellEvent reporter signal over time with the indicated genotype, transfection and photostimulation conditions. ***p Ͻ 0.001 for "wt/Mito-KR/stimulation" compared with all other groups at the indicated postphotostimulation time points, calculated using one-way ANOVA with Tukey-Kramer post hoc test. Error bars indicate mean Ϯ SEM. n ϭ 11, 8, 7, 7, and 3 neurons (from at least 3 independent hippocampal cultures) for the "wt/Mito-KR/stimulation," "Casp3 KO/Mito-KR/stimulation," "wt/Mito-RFP/stimulation," "wt/Mito-KR/No stimulation," and "Casp3 KO/Mito-KR/No stimulation" groups, respectively. #B6630; Sigma) (BABB) incubation times as follows: 50% THF for 1 h, 70% THF for 1 h, 80% THF for 1 h, and 100% THF for 1 h, 100% THF for overnight, 100% THF for 1 h (next day), and 2 times BABB for 2 h.
Spine analysis. The spine density in Figures 6 and 14 (defined as dendritic protrusions of length 0.5-2 m) was measured by investigators blinded to the experimental conditions using ImageJ.
Nissl staining and quantification of brain sections. The cryopreserved brain tissues were sectioned at 50 m thickness. The sections were washed 3 times with PBS and incubated with 1:50 Nissl dye (catalog #N21482; Invitrogen) for 30 min. The number of Nissl-positive cells was counted using Imaris software by investigators blinded to caspase-3 genotype.
Electrophysiology. Acute hippocampal slices (400 M) from wild-type or caspase-3 KO mice were cut using a vibrating sectioning system (Leica). Cutting solution contained the following (in mM): 110 cholineCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 0.5 CaCl 2 , 7 MgSO 4 , 11.6 Na ascorbate, and 3.1 Na pyruvate. Miniature EPSCs (mEPSCs) were recorded from CA1 pyramidal neurons of hippocampal slices at holding membrane potential of Ϫ70 mV. The recording solution was oxygenated artificial CSF (ACSF) containing the following (in mM): 127 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 1.3 MgSO 4 , and 2.5 CaCl 2 , along with 100 M picrotoxin and 1 M tetrodotoxin. Pipette solution contained the following (in mM): 140 Cs methanesulfonate, 10 HEPES, 2.5 MgCl 2 , 10 EGTA, and 5 QX-314 chloride.
Image processing and statistical analysis. The individual images were made using ImageJ. Images were cropped and resized (if necessary) with Adobe Photoshop and assembled to figures using Canvas (ACD Systems).
The survival curves were plotted in JMP statistical software from SAS (Analyze/Reliability and Survival/Survival) and statistical analysis of survival curves was calculated by a log-rank comparison in JMP containing all neurons (n Ն 10) from at least 3-5 independent experiments. For statistical analysis of spine number and dendrite retraction over time (Fig. 6 ), a two-way ANOVA test with the Bonferroni correction was calculated by Prism (GraphPad). For fluorescence intensity of caspase-3 immunostaining (Figs. 7, 11), caspase-9 immunostaining (Fig. 5 ), CellEvent reporter (Figs. 3, 10) , and ROS reporter (Fig. 4) , a one-way ANOVA test with Tukey-Kramer post hoc test was performed using JMP. For the statistical analysis of electrophysiology data, cumulative distributions were generated using the maximum number of consecutive mEPSCs recorded for each cell (Ͼ115 events for 7-week-old cells and Ͼ145 events for 3-month-old cells) and compared using a KolmogorovSmirnov 2-sample test (Fig. 14) . All other statistical analysis was performed using a two-tailed, unpaired Student's t test.
Results

Mito-KillerRed photostimulation induces neuronal death via the mitochondrial pathway of caspase-3-dependent apoptosis
To activate caspase-3 with spatiotemporal control in neurons, we took an optogenetic approach using a genetically encoded protein called KillerRed. KillerRed . Photostimulation of Mito-KillerRed but not Mito-RFP induces ROS production. We monitored the production of the ROS in Mito-KillerRed-transfected wild-type and caspase-3 KO neurons as well as in Mito-RFP-transfected wild-type neurons before and 0.5, 1.5, and 60 min after the photostimulation. Photostimulation of Mito-KillerRed both in wild-type (A) and caspase-3 KO (B) neurons induced high levels of ROS. PhotostimulationofMito-RFPinwild-typeneurons(C)didnotinducesignificantROSelevation.Top,ROSsignalattheindicatedtimepoints.Middle,MergeimagesoftheROSsignalandphaseimages.Bottom,Mito-KillerRed orMito-RFPchannelbeforeandafterphotostimulationofthecellbody(dottedcircles).D,QuantificationofROSsignalsattheindicatedtimesafterphotostimulation.*pϽ0.05for"wt/Mito-KillerRed"and"Casp3KO/MitoKillerRed"comparedwith"wt/Mito-RFP,"calculatedbyone-wayANOVAwithTukey-Kramerposthoctest.ErrorbarsindicatemeanϮSEM.nϭ15,15,and18neurons(fromatleast3independenthippocampalcultures)for the"wt/Mito-KillerRed,""Casp3KO/Mito-KillerRed,"and"wt/Mito-RFP"groups,respectively. Bulina et al., 2006b; Serebrovskaya et al., 2009; Waldeck et al., 2011) .
We transfected cultured hippocampal neurons (9 -12 d in vitro [DIV]) with mitochondria-targeted KillerRed (Mito-KillerRed; Fig. 1 F, F1 , arrowheads), which should trigger mitochondrial damage and activate the intrinsic pathway of apoptosis when photostimulated (Waldeck et al., 2011) . As a control, we used mitochondria-targeted RFP (Mito-RFP; Fig. 1M,M1 ). To monitor morphological changes in the neurons, we used time-lapse live imaging of cotransfected cytoplasmic GFP. Neurons expressed readily detectable levels of Mito-KillerRed, Mito-RFP, and GFP as early as 24 h after transfection and looked morphologically normal before light stimulation (Fig. 1A,H) . Photostimulation of the cell body region (5-10 min stimulation, max power of 120W/45C mercury arc lamp, 40ϫ/63ϫ objectives, 535-575 nm excitation filter) resulted in bleaching of Mito-KillerRed and Mito-RFP within the irradiated region, as expected (Fig. 1G,N , dashed circles). Within several hours after Mito-KillerRed photostimulation of the cell body, neurons formed numerous blebs on their soma and neurites, morphological changes typical of apoptotic cell death (Fig.  1C, arrows) , whereas the surrounding structures from other cells remained intact ( Fig.  1C-E ; Häcker, 2000) . Identically irradiated neurons transfected with Mito-RFP showed no morphological aberration and appeared healthy with normal motility throughout the experiment (Fig. 1J-L) . The survival rates at 3 and 7 h after photostimulation were 18% and 0%, respectively, for neurons transfected with Mito-KillerRed and 91% and 91%, respectively, for neurons transfected with Mito-RFP (Fig. 1A-E , H-L, quantified in Fig. 2O ). Therefore, light-induced cell death was specific to Mito-KillerRedexpressing neurons. Neither Mito-KillerRednor Mito-RFP-transfected neurons showed any degeneration within minutes after photostimulation, further suggesting that light irradiation per se was not directly toxic ( Fig. 1 B, I ).
To assess the role of caspases in MitoKillerRed-induced neuronal death, we treated cells with the general caspase inhibitor z-VAD-FMK (100 M), which was added 20 min before Mito-KillerRed photostimulation. We observed an almost complete block of cell degeneration ( Fig. 2A-G ,O; survival at 3 and 7 h after photostimulation was 100% and 93%, respectively). Similar experiments were performed in neurons derived from caspase-3 KO mice (Kuida et al., 1996) . Caspase-3 KO neurons were largely protected from cell death after Mito-KillerRed photostimulation (Fig. 2H-N , quantified in O; survival for caspase-3 KO neurons at 3 and 7 h after photostimulation was 83% and 65%, respectively; compared with 18% and 0% for wild-type neurons) demonstrating that caspase-3 is required for Mito-KillerRed-induced neuronal death. Could there be contribution from other caspase(s), since ϳ30% of neu- Figure 5 . Activation of caspase-9 after Mito-KillerRed photostimulation. Immunostaining for active (cleaved) caspase-9 in cultured hippocampal neurons after Mito-KillerRed or Mito-RFP photostimulation. A-F, Mito-KillerRed-transfected neuron (arrowhead) was imagedbefore(A)and5minafterphotostimulationoverthecellbody(B).Fivehoursafteractivation,theneuronswerefixedandstainedwith anti-activecapase-9antibody(C)andHoechstdye(D).Highlevelsofcaspase-9immunoreactivity(C)togetherwithnuclearfragmentation (D)weredetectedinthephotostimulatedMito-KillerRed-expressingneuron(arrowhead).E,MergeimageofCandD.F,MergeimageofE andphase.G-L,Mito-RFP-transfectedneuronwasimagedbefore(G)and5minafterphotostimulation(H).Fivehoursafteractivation,the neurons were fixed and stained with anti-active capase-9 antibody (I) and Hoechst dye (J). Mito-RFP-photostimulated neurons showed neither high caspase-9 immunoreactivity nor nuclear fragmentation. K, Merge image of I and J. L, Merge image of K and phase. M, Quantification of active caspase-9 immunostaining signal in cells transfected with Mito-RFP (RFP) or Mito-KillerRed (KR) and photostimulated or not stimulated. ***p Ͻ 0.001 for "Mito-KR/stimulation" compared with all other groups calculated using one-way ANOVA test with the Tukey-Kramer post hoc test. Error bars indicate mean Ϯ SEM. n ϭ 8, 7, 8, 10, and 31 neurons (from at least 3 independent hippocampalcultures)forthe"Mito-KR/stimulation,""Mito-RFP/stimulation,""Mito-KR/Nostimulation,""Mito-RFP/Nostimulation,"and "No transfection/No stimulation" groups, respectively. rons lacking caspase-3 still degenerate by 7 h (Fig. 2O) ? Caspase-7 has overlapping functions and may be partially redundant with caspase-3 (Stennicke et al., 2000; Lakhani et al., 2006) . We found that the addition of z-DEVD-FMK (a caspase-3/7 preferring inhibitor) further protected caspase-3 KO neurons (quantified in Fig. 2O ), resulting in almost complete prevention of cell death similar to the pan-caspase inhibitor z-VAD-FMK. These data are consistent with a major role for caspase-3 and a minor role for caspase-7 in neuronal cell death induced by Mito-KillerRed.
The activation of capase-3 after Mito-KillerRed photostimulation was monitored longitudinally in neurons using the caspase-3 activity reporter "CellEvent" (Invitrogen; Huang et al., 2011; Miyata et al., 2011) . After cleavage specifically by caspase-3, a released fragment of CellEvent binds DNA and becomes fluorescent. The CellEvent signal rose sharply between 2 and 5 h after Mito-KillerRed photostimulation of the soma (Fig. 3A-F, quantified in S) , approximately similar to the time course of neuronal death as measured by appearance of membrane blebs (Fig. 2O) . No significant increase in CellEvent signal was detected after photostimulation of Mito-RFP in wild-type neurons (Fig. 3G-L, S) or of Mito-KillerRed in caspase-3 KO neurons (Fig. 3M-R,S) , indicating the selectivity of the CellEvent caspase-3 reporter.
Using a ROS indicator dye, we observed that photostimulation of Mito-KillerRed produced similar levels of ROS in wild-type and caspase-3 KO neurons (Fig. 4A,B) , whereas photostimulation of Mito-RFP failed to induce detectable ROS (Fig. 4C,D) . These findings exclude ROS as the direct toxic agent in Mito-KillerRedinduced cell death. Moreover, caspase-9, the upstream activator of caspase-3 in the mitochondrial pathway of apoptosis, was also activated upon photostimulation of Mito-KillerRed (Fig. 5A-F , arrowhead in C, quantified in M), but not of Mito-RFP (Fig. 5G-L , arrowhead in I, quantified in M). Together, these results support the idea that photostimulation of Mito-KillerRed induces ROS production in mitochondria, which then leads to activation of the caspase-9 -caspase-3 pathway of apoptosis, presumably via mitochondrial release of proapoptotic factors such as cytochrome c (Li et al., 1997) .
Local Mito-KillerRed photostimulation induces local spine shrinkage and dendritic retraction Having established that photostimulation of Mito-KillerRed activates the mitochondrial apoptotic pathway in neurons, we then investigated whether localized activation of mitochondrial apoptotic mechanisms is sufficient to mediate local changes in the morphology of dendrites and spines. We took advantage of the (genotype,transfection,photostimulation,anddrugtreatmentasindicated) .Thedistanceofdendritetiptoastablereferencepoint(e.g., acrossingpointofanaxon)ismeasured.*pϽ0.05,calculatedusingatwo-wayANOVAtestwiththeBonferronicorrectioncomparedwith"wild-type/Mito-RFP/stimulation"control.ErrorbarsindicatemeanϮ SEM. n ϭ 11, 11, 11, 13, 12, and 12 neurons (from at least 3 independent hippocampal cultures) for the "wt/Mito-KR/stimulation," "wt/Mito-KR/No stimulation," "wt/Mito-RFP/ stimulation," "Casp3 KO/Mito-KR/stimulation," "wt/Mito-RFP/No stimulation," and "wt/Mito-KR/DEVD/stimulation," respectively.
fact that Mito-KillerRed is targeted to mitochondria, which are distributed throughout the dendritic tree of neurons (Fig. 6A) , allowing us to locally photostimulate Mito-KillerRed within specific regions of dendrites. We photostimulated MitoKillerRed in selected distal dendritic branches of hippocampal neurons (100% lamp power for 10 -15 min, ϳ40 m diameter region, indicated by dashed circles in Fig. 6 A, B) at 17-24 DIV, when dendritic spines are well developed. We monitored morphological changes in the entire neuron by time-lapse imaging ( Fig. 6C-G) and compared spine/dendrite morphology in the stimulated region (Fig. 6M-T ) versus unstimulated dendritic regions of the same neuron (Fig. 6H-L) .
In Mito-KillerRed-expressing cells, most of the spines in the photostimulated distal dendrite progressively shrank and disappeared over a time course of hours ( Fig.  6M-T, arrowheads, compare N, U, quantified in V) . In unstimulated dendrite branches of the same neuron or in photostimulated dendrites of Mito-RFP transfected neurons, there was no change in spine density (Fig. 6H-L,V) . In addition to loss of spines, the photostimulated distal dendrite of Mito-KillerRed-transfected neurons retracted in length (Fig. 6W , mean change Ϯ SEM: Ϫ19.6 Ϯ 6.0 m at 9 h after photostimulation). Typically, the retraction of the dendrite tip occurred shortly after the shrinkage and loss of spines ( Fig. 6M-T) , suggesting that spine loss is not merely secondary to dendrite retraction. However, it is possible that the caspase-3-dependent mechanisms that induce spine elimination overlap with those that cause dendrite retraction. Therefore, these two events could also occur concomitantly after the local activation of caspase-3. In contrast, there was no retraction in the unstimulated branches of the same neurons nor were there any morphological changes in photostimulated dendritic branches of neurons transfected with Mito-RFP (Fig. 6W) . Overall neuronal morphology (e.g., pattern of dendrite branching) was not altered by focal stimulation of Mito-KillerRed in a distal dendrite (Fig. 6C-G) .
To confirm that the observed morphological effect of dendritic Mito-KillerRed stimulation was associated with local caspase-3 activation, we immunostained for active (cleaved) caspase-3 and compared staining in photostimulated versus unstimulated dendritic regions at 9 h after photostimulation. In Mito-KillerRedtransfected neurons, active caspase-3 was significantly elevated in the photostimulated dendritic branch, approximately corresponding to the distal 20 -30 m of the remaining dendrite (Fig. 7A-D , white arrowheads, quantified in K ). Active caspase-3 immunoreactivity was not detectable in the unstimulated dendritic region of the same dendrite (Fig. 7A-C , purple arrowheads), in distant unstimulated dendrites of the same neuron (Fig. 7E-H , white arrows), or in the cell body (Fig. 7 I, J, purple arrows) . Active caspase-3 immunoreactivity was absent in caspase-3 KO neurons, demonstrating the specificity of the antibody staining (data not shown).
Importantly, in either caspase-3 KO neurons or wild-type neurons treated with caspase-3 inhibitor (z-DEVD-FMK) or caspase-9 inhibitor (z-LEHD-FMK), there was no spine alteration or dendrite retraction after local dendritic photostimulation of Mito-KillerRed E-H, Immunostaining for active caspase-3 in the unstimulated dendrites of the same neuron. H, High-magnification image of the indicated region in G. GFP images indicate outline of-transfected neuronal dendrites; the irregularity of GFP signal is due to fixation conditions used for the caspase-3 immunostaining (B,F ). C, G, merge of GFP and active caspase-3 images. Active caspase-3 immunostaining was detected in the photostimulated region of this dendrite (A,C,D, white arrowheads), but not in the unstimulated region of the same dendrite (A,C, purple arrowheads), nor in the unstimulated dendrites (E-H, white arrows). I, J, Low-magnification view of the whole cell stained for active caspase-3 (I ) and merge of GFP and caspase-3 images (J ). The purple arrows in I and J mark the cell body. Caspase-3 immunoreactivity (red) is also frequently observed in scattered cells and flecks in the culture outside of the GFP/Mito-KillerRed-transfected neuron. These signals might be coming from dying cells in normal culture conditions, activated microglia (Burguillos et al., 2011), or nonspecifically from the debris on the coverslip. K, Quantification of active caspase-3 immunostaining (active caspase-3 staining intensity per dendrite area) in the stimulated and unstimulated dendritic regions, as diagrammed in J (stim. dend. region, the dendritic region that lies within the photostimulation zone; unstim. dend. region, nonphotostimulated region of the dendrite that was photostimulated; unstim. dend., dendrite that was entirely nonphotostimulated). **p Ͻ 0.01 for "stimulated dendritic region" compared with "unstimulated dendritic region" or "unstimulated dendrite" groups calculated using a one-way ANOVA test with Tukey-Kramer post hoc test. Error bars indicate mean Ϯ SEM. n Ն 5 neurons for each group (from at least 3 independent hippocampal cultures).
(quantified in Fig. 6V,W) . Therefore, we conclude that focal photostimulation of Mito-KillerRed in distal dendrites leads to local caspase-3 activation and local spine loss and dendrite retraction, specifically in the photostimulated region.
We also photostimulated Mito-KillerRed in "mid-segments" of dendrites (i.e., away from the distal tips) and observed a significant spine loss in the photoactivated region, albeit to a lesser degree compared with Mito-KillerRed photostimulation at the dendrite tip (29% vs 68% spine loss at 9 h, respectively). The lesser effect in the mid-segment of a dendrite could be due to the diffusion (and hence dilution) of activated caspase-3 in two directions within the dendrite after production by MitoKillerRed photoactivation, as opposed to only one possible direction at the dendrite tip.
It is noteworthy that neurons did not show any morphological signs of cell death even several hours after completion of the Mito-KillerRed-induced local changes, arguing against a delayed activation of global apoptosis after local dendritic activation of Mito-KillerRed. We observed neuronal apoptosis only when Mito-KillerRed was photostimulated in the cell body (Fig. 2O ) or in primary dendrites close to cell body (within 20 m of the cell body; data not shown), suggesting that activation of caspase-3 is restricted from "spreading" to the cell body when Mito-KillerRed is photoactivated in peripheral dendrites.
Proteasome activity restrains the effect of Mito-KillerRed photostimulation
What molecular mechanisms restrict caspase activity to the local site of induction in dendrites, thereby preventing locally activated apoptotic pathways from causing neuronal cell death? Based on recent evidence that caspase-3 is ubiquitinated and degraded by the ubiquitin-proteasome system (UPS; Choi et al., 2009; Gray et al., 2010) , we hypothesized that the UPS acts to restrain the amount and spread of active caspase-3 that is produced by Mito-KillerRed photostimulation. To test the idea, we first determined a "suboptimal" level of Mito-KillerRed photostimulation that would be insufficient to induce any effects on neuronal morphology or survival. To this end, the irradiation power was reduced by 2-fold and the duration of photostimulation of Mito-KillerRed was shortened to 5 min.
Mito-KillerRed-transfected neurons photostimulated for 5 min at half-power on their cell bodies showed no morphological changes and no cell death, as monitored by live imaging of GFP fill over 9 h (Fig. 8A-E, quantified in P) . Nonphotostimulated neurons treated with 10 M lactacystin were also unaffected ( Fig.  8F -J, arrows, quantified in Fig. 9Q ). In contrast, Mito-KillerRed neurons treated with a combination of proteasome inhibitor lactacystin (10 M) and half-power photostimulation for 5 min degenerated over time (Fig. 8F-J, P, arrowheads; survival of unstimulated vs 5 min photostimulated lactacystin-treated neurons was 100% vs 55% at 6 h after photostimulation and 94% vs 27% at 9 h). Another proteasome inhibitor, MG132 (10 M), also induced neuronal death when combined with half-power MitoKillerRed photostimulation of the cell body (Fig. 8P) , but not by itself (data not shown).
X-linked inhibitor of apoptosis (XIAP) is an E3 ligase that inhibits caspase-3 and caspase-9 directly and targets caspase-3 for proteasomal degradation (Riedl et al., 2001; Suzuki et al., 2001; Schile et al., 2008) . We found that overexpression of XIAP in neurons protects them from Mito-KillerRed-induced apoptosis (quantified in Fig.  2O ). Conversely, treatment with BV6, a specific pharmacologic inhibitor of IAPs including XIAP (Varfolomeev et al., 2007) , which by itself did not kill the neurons, caused the death of neurons after 5 min of half-power Mito-KillerRed stimulation (Fig. 8K-O,P) . These experiments show that the UPS and XIAP act to antagonize the proapoptotic effects of Mito-KillerRed activation, which is consistent with their known functions as "brakes" on apoptosis.
We then addressed whether XIAP and UPS are required for restricting locally activated caspase-3 in dendrites, thereby preventing cell death. To test this, we photoactivated Mito-KillerRed locally in distal dendrites in the presence of lactacystin or BV6 (Fig. 9) . Local photostimulation (100% power, 10 -15 min) of MitoKillerRed in a distal dendrite in the presence of 10 M lactacystin ( Fig. 9A-H ) or 2 M BV6 ( Fig. 9I-P) resulted in the death of most neurons by 12 h (quantified in Fig. 9Q ). In contrast, minimal cell death was observed with the same photostimulation in the presence of vehicle control or with treatment of lactacystin alone or BV6 alone (Fig. 9Q) .
To determine whether the cell death induced by distal photoactivation of Mito-KillerRed in the presence of lactacystin or BV6 is correlated with greater activation of caspase-3, we monitored caspase-3 activation using CellEvent reporter. The CellEvent reporter signal in the neuronal nucleus rose significantly after focal dendritic photostimulation of Mito-KillerRed (Fig. 10A-F , quantified in Q), but not of Mito-RFP ( Fig.  10K-P, Q) , in the presence of lactacystin. In addition, we immunostained for active caspase-3 in the cell bodies of lactacystin-treated and dendritically photostimulated neurons at a time point after observing local degeneration but before any signs of neuronal death (Fig. 11A-J ) . We found higher levels of active caspase-3 in the neuronal cell bodies of such cells (Fig. 11K-N , arrowhead, quantified in W ) compared with lactacystin-treated, unstimulated cells ( Fig.  11O -R,Q) or vehicle-treated, locally photostimulated neurons (Fig. 11S-V,W ) . Overall, these results strongly support the idea that IAPs and proteasomes are needed to block caspase-3 activity induced locally in dendrites from "spreading" to the cell body and causing cell death.
Caspase-3 regulates spine morphology and dynamics in vitro
We next investigated whether caspase-3 activity is involved in spine shrinkage in a more physiological context. Spine diminution and loss are observed in NMDA receptor-dependent LTD (Zhou et al., 2004) , which can be mimicked in cultured neurons by bath application of NMDA (chem-LTD; Segal, 1995; Lee et al., 1998; Hasbani et al., 2001; Lee et al., 2004; Nakamura et al., 2011) . As shown previously, acute NMDA treatment (40 M, 3 min exposure) of cultured hippocampal neurons caused a significant decrease in spine size compared with vehicle control when measured 30 min after treatment (Fig. 12A,B,  quantified in D) . The NMDA-induced spine shrinkage was blocked by caspase-3/7 inhibitor z-DEVD-FMK (10 M; Fig. 12C,D) and in caspase-3 KO neurons (Fig. 12E,F, quantified  in G) . Therefore, caspase-3 activity is necessary for spine shrinkage during NMDA-induced chem-LTD.
Next, we tested the effect of caspase-3 on spine morphology in hippocampal neurons under basal culture conditions and found that 10 M z-DEVD-FMK caused a slight but significant increase in spine size over the course of 4 h, as monitored by time-lapse imaging of neurons before and after treatment (Fig.  12H-K, quantified in L,M) . Overall, these data suggest that caspase-3 activity has a constraining effect on spine morphology even under normal culture conditions. . Proteasome activity is required to prevent neuronal cell death after local Mito-KillerRed photostimulation. Cultured hippocampal neurons (DIV 17-24) were cotransfected with Mito-KillerRed and GFP and photostimulated (max lamp power, 10 -15 min) within a defined region over a distal dendritic branch (rectangles) in the presence of 10 M lactacystin (A-H ) or 2 M BV6 (I-P). A-D, The low-magnification time-lapse images show degeneration of the entire neuron in the presence of lactacystin occurring by 12 h after local Mito-KillerRed photostimulation. E-H, Highmagnification time-lapse images from the boxed region in A. I-L, In the presence of 2 M BV6, an IAP inhibitor, photostimulation of distal dendritic branches also induces death of the entire neuron by 12 h (arrowheads). M-P, Highmagnification images from the boxed region in I show morphological changes in the photostimulated dendrite starting at ϳ6 h (arrowheads). Q, Graph showing survival curve of neurons under the indicated photostimulation and drug conditions. **p Ͻ 0.01 for "stimulation/2 M BV6" compared with "No stimulation/2 M BV6," ***p Ͻ 0.001 for "stimulation/10 M lactacystin" compared with "No stimulation/10 M lactacystin" control, calculated by log-rank comparison. n ϭ 10, 13, 17, 13, 17, and 24 neurons (from at least 3 independent hippocampal cultures) for the "No stimulation/ vehicle," "No stimulation/10 M lactacystin," "No stimulation/2 M BV6," "local stimulation/vehicle," "local stimulation/2 M BV6," and "local stimulation/10 M lactacystin" groups, respectively.
Caspase-3 regulates spine density and synapse function in vivo If caspase-3 activity plays a physiological role in dendritic spine elimination, one would expect that neurons lacking caspase-3 have supernumerary spines. To examine spine morphology in vivo, we crossed the caspase-3 KO mice to the Thy-1 GFP-M mice (caspase-3 KO ϫ GFP-M). The brain anatomy of caspase-3 KO mice was grossly normal (Fig. 13A-F ) . The number of neurons in the cortex of caspase-3 KO versus wild-type mice was not different (Fig. 13G) . Importantly, the density of dendritic spines in hippocampal CA1 neurons was 35-40% higher in juvenile (ϳ7 weeks old) caspase-3 KO mice than in wild-type littermates ( Fig. 14 A, B , quantified in E; number of spines per 10 m were 16.9 Ϯ 0.3 vs 12.2 Ϯ 1.4, mean Ϯ SD, respectively; n ϭ 5 mice). The increase in spine density was maintained in adult (ϳ3 months old) caspase-3 KO mice (Fig.  14C ,D, quantified in E; number of spines per 10 m were 14.2 Ϯ 0.8 vs 10.3 Ϯ 1.1, mean Ϯ SD; n ϭ 5 mice). Spine density was similarly elevated in layer 5 cortical pyramidal neurons of caspase 3 KO mice compared with littermate wild-types ( Fig.  14F ; number of spines per 10 m were 6.3 Ϯ 0.7 vs 4.6 Ϯ 0.2, mean Ϯ SD, respectively). As further evidence that caspase-3 regulates spine numbers, we note that cultured hippocampal neurons from caspase-3 KO mice (17-24 DIV) also have a higher density of dendritic spines than wild-type neurons (5.2 Ϯ 1.1 per 10 m vs 3.97 Ϯ 1.4, mean Ϯ SD; Fig. 6V ).
To determine whether the increased spine density correlates with synaptic strength, we recorded mEPSCs from acute hippocampal slices of both young and adult mice. Juvenile caspase-3 KO mice (ϳ7 weeks old) showed a significant increase in peak amplitude and frequency of mEPSCs compared with wild-types ( Fig.  14G-I ), which is consistent with an increase in synaptic release sites and in keeping with the higher spine count. However, neither amplitude nor frequency of mEPSCs was different in 3-month-old caspase-3 KO mice compared with wild-types, despite their elevated spine density (Fig. 14G, J, K ). This could be due to homeostatic plasticity mechanisms that compensate for increased synaptic strength during maturation of the brain (Zito et al., 2004) .
Discussion
Mito-KillerRed induced local caspase-3 activity and spine elimination Photostimulation of KillerRed has been used to kill cells by apoptosis both in vitro (Bulina et al., 2006b ) and in vivo (Del Bene et al., 2010; Teh et al., 2010) . Here, we show in neurons that photostimulation of Mito-KillerRed induces ROS production and subsequent caspase-9 and caspase-3 activation. Using this optogenetic tool in peripheral parts of neurons, we were able to activate caspase-3 locally in the distal branches of dendrites and, more importantly, cause spine elimination and dendrite retraction in the irradiated region without killing the entire neuron (Fig. 15) . The Mito-KillerRed-mediated local spine loss and dendrite pruning were absent in caspase-3 KO neurons and were blocked by a caspase-3/7-preferring inhibitor. Together, these data show that local activation of the mitochondrial apoptotic pathway can induce local pruning of dendrites and Figure 10 . Monitoring caspase-3 activation after local Mito-KillerRed photostimulation in the presence of the proteasome inhibitor lactacystin. A-P, Time-lapse imaging of caspase-3 activation using CellEvent reporter after local dendritic photostimulation of Mito-KillerRed (G, dashed circle) or Mito-RFP (I, dashed circle) in the presence of 10 M lactacystin. A-F and K-P (arrowheads, arrows) are high-magnification views of the cell bodies of the neurons in G and I, respectively. CellEvent reporter showed positive signal when local stimulation of Mito-KillerRed in dendrites was combined with treatment with 10 M lactacystin (A-F, quantified in Q). There was no CellEvent reporter signal when we stimulated Mito-RFP in the presence of proteasome inhibitor (I-P) or Mito-KillerRed in the absence of proteasome inhibitor (Q, vehicle). **p Ͻ 0.01 and ***p Ͻ 0.001 compared with both "Mito-KillerRed/vehicle" and "Mito-RFP/lactacystin" controls, calculated using one-way ANOVA with Tukey-Kramer post hoc test. Error bars indicate mean Ϯ SEM. n ϭ 6, 5, and 7 neurons (from at least 3 independent hippocampal cultures) for the "Mito-KillerRed/lactacystin," "Mito-RFP/lactacystin," and "Mito-KillerRed/vehicle" groups, respectively. spines via a mechanism dependent on caspase-3 activity. Although the Mito-KillerRed photostimulation experiments demonstrate the sufficiency of local apoptotic mechanisms to sculpt neuronal morphology, they may not accurately reflect in vivo processes. Therefore, it will be important to confirm that caspase-3 is required for spine elimination in response to a more physiological LTD stimulus.
What are the upstream regulators and downstream effectors of caspase-3? We found that Mito-KillerRed photostimulation triggers the activation of caspase-9; together with the mitochondrial localization of Mito-KillerRed, these data support the idea that caspase-3 activation by Mito-KillerRed occurs via the mitochondrial pathway of apoptosis (Riedl and Shi, 2004) . As for downstream targets, it is unclear whether the substrates of caspase-3 that mediate spine loss and dendrite retraction after local Mito-KillerRed photostimulation are the same as those that mediate programmed cell death. The cytoskeleton is a key determinant of dendrite and spine morphology (Hotulainen and Hoogenraad, 2010) , so it seems likely that cytoskeletal components might be downstream targets of local caspase-3 activity during spine elimination and dendrite pruning. Several cytoskeleton-associated proteins can be cleaved by caspases, including Gas2, gelsolin, ␤-catenin, fodrin, actin, PAK-2, spectrin, and tau (Brancolini et al., 1995; Martin et al., 1995; Mashima et al., 1995; Cryns et al., 1996; Kayalar et al., 1996; Kothakota et al., 1997; Rudel and Bokoch, 1997; Gamblin et al., 2003) . Caspase-3 cleavage of actin regulatory proteins gelsolin and ROCK1 has been demonstrated to induce changes in cell morphology (Kothakota et al., 1997; Sebbagh et al., 2001 ). In addition, calcineurin (CaN), a calcium-dependent phosphatase that regulates ion channels and cytoskeletal proteins (Halpain et al., 1998; Winder and Sweatt, 2001 ), has been shown to be proteolytically activated by caspase-3 (Mukerjee et al., 2000) . A brief application of A␤ on primary cortical neurons induces local CaN activation, which leads to morphological changes in spines (Wu et al., 2012) . Akt is a prosurvival and progrowth protein kinase and reduced Akt phosphorylation-inhibition of GSK3␤ is required for induction of LTD (Peineau et al., 2007) . Akt is also a proteolytic substrate of caspase-3 during apoptosis (Asselin et al., 2001 ) and caspase-3 cleavage of Akt has been implicated in the molecular mechanisms of LTD and of A␤ suppression of LTP . It is interesting that Akt is needed for dendrite growth and arborization (Jaworski et al., 2005) , raising the possibility that cleavage of Akt by caspase-3 also contributes to the mechanisms of dendrite retraction (L, arrowhead) . N, R, V, High-magnification images of the neuronal cell bodies in M, Q, and U, respectively. W, Quantification of immunostaining intensity for active caspase-3 in the neuronal cell bodies of Mito-KillerRed-transfected neurons photostimulated over a distal dendrite under the indicated conditions. ***p Ͻ 0.001 for "lactacystin/local stimulation" compared with "lactacystin/No stimulation" and **p Ͻ 0.01 for "lactacystin/local stimulation" compared with "No lactacystin/local stimulation" calculated by one-way ANOVA with Tukey-Kramer post hoc test. There is no significant difference between "lactacystin/No stimulation" group and vehicle group ( p ϭ 0.3856 compared with "No lactacystin/local stimulation"). Error bars indicate mean Ϯ SEM. n ϭ 5, 10, and 6 neurons (from at least 3 independent hippocampal cultures) for the "No lactacystin/local stimulation," "lactacystin/No stimulation," and "lactacystin/local stimulation" groups, respectively. and spine elimination when the apoptotic pathway is activated locally in dendrites.
Proteasome function limits the spread of caspase-3 activity and cell death The use of proteasome inhibitors allowed the spread of caspase-3 activity to the cell body and neuronal cell death after focal photostimulation of Mito-KillerRed in peripheral dendrites. Similar effects were seen with inhibition of XIAP, an E3 ligase that targets caspase-3 for proteasomal degradation (Riedl et al., 2001; Suzuki et al., 2001; Schile et al., 2008) . Therefore, we propose that proteasomal degradation of activated caspase-3 serves as a brake to limit caspase activity to its local site of induction. This could prevent neuronal cell death when caspase-3 is activated "subapoptotically" in dendrites, as is the case during NMDA-receptordependent LTD or developmental synapse pruning (Kuo et al., 2006; . Termination of caspase function could occur because caspase-3 is ubiquitinated by XIAP and degraded by the proteasome (Suzuki et al., 2001; Choi et al., 2009; Gray et al., 2010) . Caspase-3 is modestly and transiently activated by NMDA receptor activation during LTD and, interestingly, similar synaptic stimulation also enhances proteasome activity and recruits proteasomes to stimulated synapses (Bingol and Schuman, 2006; Shen et al., 2007; Djakovic et al., 2009; Bingol et al., 2010; Bingol and Sheng, 2011) . Therefore, there is likely to be a coordinated stimulation of both proteasomes and apoptotic mechanisms in the vicinity of synapses, with the former operating to limit the temporal duration and spatial extent of action of caspase-3. Such mechanisms could explain why local Mito-KillerRed photostimulation and LTD are not as- . D, Spine size quantifications in the indicated conditions plotted as the cumulative frequency of spine head diameter. ***p Ͻ 0.001 for "DEVD/NMDA" compared with both "DMSO/NMDA" and "DMSO" groups calculated using a nonparametric multiple comparison with Mann-Whitney test. n ϭ 20, 25, and 24 neurons (from at least 3 independent hippocampal cultures) for the "DMSO/NMDA," "DEVD/NMDA," and "DMSO" groups, respectively. E-G, Similar experiments performed on caspase-3 KO neurons confirmed that NMDA treatment could not induce spine shrinkage in the absence of caspase-3. E-F, DMSO-(E) or NMDA (F )-treated caspase-3 KO neurons. G, Spine size quantifications in the indicated conditions plotted as the cumulative frequency of spine head diameter. The difference was not significant (n.s.) for the "NMDA" group compared with the "DMSO" group calculated using a nonparametric multiple comparison with MannWhitney test. n ϭ 30 neurons each for the "DMSO" and "NMDA" groups. H-M, Time-lapse imaging of GFP-transfected cultured hippocampal neurons (DIV 17-24) treated with either vehicle (DMSO; H, I ) or 10 M z-DEVD-FMK (J,K ) for 4 h. Examples of spines that have enlarged relative to before-treatment are indicated in the 4 h image with (ϩ) in J and K. Quantification of spine head diameter in neurons treated with vehicle (L) or 10 M z-DEVD-FMK (M ) plotted as cumulative frequency curves. ***p Ͻ 0.001 calculated using a nonparametric multiple comparison with Mann-Whitney test. n ϭ 11 neurons (from at least 3 independent hippocampal cultures) for both the "vehicle" and "z-DEVD-FMK" groups.
sociated with neuronal cell death while allowing some potential for local caspase-3 effects to spread to nearby synapses (heterosynaptic LTD; Nishiyama et al., 2000) .
Physiological and pathological role of caspase-3 in regulation of dendritic spines
We found that caspase-3 KO mice have abnormally high spine density by 7 weeks of age and this excess is maintained into adulthood. These data affirm that caspase-3 is physiologically important for regulation of spine numbers in vivo. The supernumerary spines of caspase-3-deficient mice are consistent with the idea that a major function of caspase-3 in spine morphogenesis is to eliminate spines.
Alterations in spine density and morphology occur not only in response to neuronal activity under physiological circumstances (Bosch and Hayashi, 2012), but also under pathological conditions (Sheng et al., 2012) . The loss of synapses correlates closely with functional-cognitive impairment in neurodegenerative diseases and therapeutic approaches that "save" spines and synapses are potentially attractive for treating neurodegeneration, especially at early stages of disease. In this study, we used MitoKillerRed to show that local activation of apoptosis mechanisms is sufficient to induce spine loss. Given that elevated caspase-3 activity has been observed in spines of transgenic mouse models of Alzheimer's disease (AD; D'Amelio et al., 2011), our findings suggest that local caspase-3 activity in dendrites could be contributing to synaptic alterations in neurodegenerative diseases, most notably in AD, where A␤ is already implicated in depressing synaptic function (Hsieh et al., 2006; Malinow, 2012) . It remains unclear how the acute activation of Mito-KillerRed, ROS production, and local apoptosis in our experimental system relates to the chronic time course of neurodegenerative diseases; however, one could envisage that a succession of numerous acute and local subapoptotic events over time and space in neurons could accumulate over many years and gradually overwhelm compensatory and reserve capacities of the nervous system. In such a context, we speculate that inhibiting caspase-3 or other components of the mitochondrial apoptosis pathway may slow down the loss of dendritic spines and synapses, as well as neuronal death and cognitive decline, in neurodegenerative disease. Figure 13 . Anatomical characterization of caspase-3 KO brain. 3D scans of whole brains from 10-month-old wild-type (left) and caspase-3 KO (right) mice crossed to GFP-M line. The brains were cleared and subsequently imaged using light-sheet ultramicroscopy (Ertürk et al., 2012b) . There was no gross abnormality of capase-3 KO brains compared with control mice: the cortex (B, arrowheads) and hippocampus (B, arrow) of the caspase-3 KO mice was similar to wild-type mice (A). C-D, Coronal brain sections from 3-month-old caspase-3 KO (right) and wild-type littermate (left) mice. Sparse neurons are labeled with GFP (green) and neuronal cell bodies are labeled with Nissl staining (red). No gross anatomical abnormality was observed in caspase-3 KO brain (see text for details). E, F, Hippocampus of wild-type (E) and caspase-3 KO (F ) mice; only GFP images are shown. G, Quantification of Nissl staining in the cerebral cortex showing no difference in the numbers of neurons per square millimeter between wild-type and caspase-3 KO mice ( p ϭ 0.9311 calculated by Student's t test). n ϭ 11 cortex scans for wild-type and 6 for caspase-3 KO from at least 3 different mice per group. Figure 15 . Schematic model of caspase-3-mediated changes in distal dendritic regions. Optogenetic photostimulation of Mito-KillerRed induces ROS production, which leads to cytochrome c release and subsequent activation of caspase-9 and caspase-3/7. NMDA receptor activation can also trigger this apoptotic pathway locally in dendrites. The local activation of caspase-3 within dendrites is sufficient to prune dendritic spines and branches locally. XIAP and proteasomes act as brakes to limit the activation and prevent the spread of apoptotic mechanisms to the cell body, thereby preventing cell death.
